Previous studies have shown that human myocardium loses its ability to swell at pH 11.2 with increasing age. This investigation indicated that the age-related difference does not exist at the subccllular level or after treatment with collagenase. Swelling did not correlate well with myofiber size or acid and base binding capacity. It was concluded that the increased rigidity with age is due to the development of a more rigid intercellular collagenous connective tissue.
A PREVIOUS study was carried out to discover if cardiac failure and decreased cardiac output in aged individuals, in the absence of significant coronary artery disease, might be due to or correlated with, an underlying age-related molecular change in myocardium. 1 That investigation indicated that human myocardium undergoes a diminution in ability to swell at pll 11.2 after approximately 30 years of age. In accordance with the Donnan equilibrium theory of protein swelling, 2 this finding was interpreted to mean that myocardium became more rigid with advancing age. It was suggested that an increased rigidity with age might be due to an increased number of cross linkages between myocardial protein molecules.
There are, however, other possible mechanisms for the loss of swelling ability with age. Connective tissue around the myocardial fibers might restrict swelling. In the previous study it was shown that the collagen concentration in the heart specimens did not increase with age. However, collagen itself has been shown to become more rigid with advancing age,* and restriction of myocardial swelling might be due to a change in the physical state, rather than amount of collagen. Another possibility is that swelling ability is related to myofiber size, and the latter changes as a function of age. A third possible mechanism is as myocardium ages, it undergoes a change in osmotic properties. Loss of swelling ability at a specific pH without an increase in restricting factors requires a variation in total number of acidic or basic groups of the insoluble fibrous protein which swells. This view is based on the studies of protein swelling by Proctor and Wilson. 2 The present investigation was undertaken in an attempt to obtain data which would indicate if any of the suggested mechanisms might be responsible for the age-related change in myocardial swelling ability. If the change is in the myocardial proteins per se, and not in surrounding tissue, subcellular myofibril bundles and isolated myofibrils should show a loss of swelling with increasing age similar to that shown by large fragments of heart. To evaluate the swelling of subcellular fragments, myocardium was homogenized and swelling of cell fragments thus obtained was studied at pH 11.2 by phase microscopy. It was anticipated that in addition to the influence of age, information on the morphologic basis for swelling at pll 11.2 would be obtained.
METHODS
Heart samples were obtained from individuals autopsied on the day of death. Specimens were excised from the lateral aspect of the left ventricle. Endoeardial and epicardial surfaces were dissected off and the remaining myocardium was stored at -60 C. until used. Only specimens which showed no gross, or subsequent microscopic lesions were used. Hypertrophy, however, was not a cause for exclusion, and heart size was ignored 740 Circulation Research, Volume VII, September 195S 741 in obtaining specimens. For studies of the effect of age, heart specimens from individuals under 30 were compared with those from individuals over 60 years of age. These ages were chosen because the previous investigation showed that all specimens below the age of 30 swelled more at pH 13.2 than the specimens over 60 years of age. The period between 30 and 60 years of age is one of transition in which measurements would be expected to be equivocal. To study swelling of subcellular fragments, 10 heart specimens below 30 years of age and 10 over 60 were homogenized in mammalian Ringer's solution while cold. Each suspension was divided into 2 portions. One was washed 3 times with Ringer's solution followed by eentrifugation while the other was similarly washed with an aqueous solution of XaOH adjusted to pH 11.2. The particles were finally suspended in a small amount of the respective media on a glass slide and enclosed by a cover slip sealed with paraffin. The cell fragments were examined with phase contrast at a magnification of 1,250 X. Tour or 5 suitable fragments were identified on each slide and photographed. Sarcomere length and width were measured by dividers on the photographs at a final magnification of 1,775 X. To avoid bias, all heart specimens were coded and the age of fragments was not ascertained until all measurements had been made.
The effect of collagen removal was studied by exposing heart fragments to collagenase obtained from Clostridium histolyticum (Nutritional Biochemicals Corp.). Slices of myocardium 1 to 2 mm. in thickness and weighing 30 to 50 mg. were placed in. 1 ml. of an 0.1 per cent solution of collagenase in Ringer's solution adjusted to pH 7.4. The fragments were blotted with fiber paper and weighed before and after 15 min. to 3 hours incubation in the collagenase solution at 37 C. After incubation, the slices were immersed in a pH 11.2 solution where they were maintained for 3 hours at room temperature. They were then blotted dry and weighed. Percentage increase in weight at pH 11.2 was used as a measure of swelling. All determinations were carried out in duplicate. Collagenase treatment alone did not result in an increase in weight.
Myocardial fiber size was studied in 10 hearts from the young individuals and 10 from the old. Histologie sections were made from formalin-fixed tissue adjacent to the fragments used to determine swelling ability in the first investigation. 1 Cross sections of fibers which contained sections through a nucleus were identified and shortest diameters across cells at those points were measured with an ocular micrometer. Five representative fibers were measured in each section. Acid and base binding capacity of the myocardium was investigated with homogenates in XaCl and Xa 2 SO 4 solutions by methods previously described in a similar study of collagen. 4 The method was modified in that myocardium was separated after homogenization into fractions insoluble and soluble in NaCl and Na o S0 4 solutions. An additional fraction was obtained by dialyzing the soluble fraction for 48 hours. Binding of HC1 at pH 2.3 and of NaOH at pH 10.3 was then determined for all fractions. It was believed that these pH levels would be appropriate for comparison of young and old in regard to number of acidic and basic groups.
RESULTS
The appearance of control and alkalitreated fragments of myofibers by phase microscopy is shown in figure 1 . The most prominent cross striation in both control and treated specimens is the Z line. Longitudinal striations which delineate individual fibrils can be distinguished in treated and control specimens. However, cross striations other than the Z line are no longer apparent after alkali treatment. In each control and experimental specimen 20 to 30 sarcomerp lengths were measured, using the distance from one Z line to the next as 1 sarcomere, and mean values were calculated. Also, 20 to 30 sarcomere (or myofibril) widths were measured, using longitudinal striations, and mean values were obtained (table 1) .
In the control specimens, sarcomeres in the old group appear to be slightly shorter than those in the young. Alkali treatment results in a lengthening of. the sarcomeres in the old group so that they are of approximately the same length as those in the young group. Sarcomere width is approximately the same in both control groups and it is apparent that at pIT 11.2 there is a consistent and prominent increase in such width. Lateral swelling of myofibrils is approximately identical in both young and old groups. Thus, considering both sarcomere length and width, myofibrils from old in- nase on dividuals swell as much as, or more, than those from young individuals at pH 11.2. The effect of collagenase on subsequent swelling ability of myocardium was first tested as a function of duration of incubation with the enzyme. As shown in figure 2 , exposure of myocardium to the action of collagenase results in an increase in subsequent swelling at pH 11.2 and the maximum effect of collagenase is achieved in one hour. Slices from 10 young and 10 old hearts were then incubated with collagenase for 1 hour, after which swelling at pH 11.2 was determined and compared to that of controls not treated with collagenase. The data of table 2 indicate that there is a marked age-related difference in swelling ability of all specimens, and that after collagenase treatment both young and old swell to the same extent.
Myofiber diameter in the young group showed a rather marked uniformity, both in regard to comparison of fibers within one specimen and of fibers from different heart samples. After the age of 60 there was a great variability of individual fiber diameter and of mean values for heart specimens. Most of the old specimens had larger fibers than the young. However, 3 of the 10 old specimens had fibers with diameters the same as, or smaller than those in the young group; and as a group, the old did not differ sig- nificantly from the young in myofiber diameter (table 3) . Acid and base binding by soluble and insoluble myocardial fractions does not vary with age (table 4) . However, there is an agerelated difference in base binding of the soluble fractions after dialysis. All soluble fractions lose most of their base binding capacity on dialysis, but the soluble fraction from the young individuals maintains about 27 per cent more nondiffusible base binding material than the old.
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DISCUSSION
From the observations on swelling of subcellular fractions it can be concluded that swelling at pH 11.2 is primarily due to lateral separation of the longitudinal protein molecules which comprise the myofibrils. As the degree of such separation does not vary with age, there must be an increase in an extrinsic restricting factor to account for the decrease with age in swelling of myocardial samples containing intact cells. The measured increase in myofibril width on ex- Myofiber diameter Eange 11. [5] [6] [7] [8] [9] [10] [11] [12] [13] .8 10. [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] .9 11.5-16.1 11. 5-18.4 13.8-18.4 13. [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] .6 10. [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] .9 11. 5-17.3 10. 4-20.7 12.7-16.1 16. 1-27.6 6.9-11.5 17. .6 1.8. po.sure to alkali is not enough to account for the increase in weight of myocardial samples maintained at pH 11.2. Only the more distinct longitudinal striations were measured and possibly wider separation occurred in many areas but this resulted in obliteration of the striation. Many foci without discernible longitudinal striations were observed. It is also possible that fibrils measured in the treated fragments were not the same structural units measured in the control specimens. Because of lateral separations, subunits of the fibrils may have become visible and were measured instead of the larger myofibrils. Another possibility is that intracellular material other than the contractile elements participate in swelling. Even if this were the case, swelling of these elements should result in separation of fibrils if they are distributed between fibrils. The finding that untreated sarcomeres from older material appear to be shorter than those in the young group may be due to less complete relaxation of fibers at the time of death of individuals in the old group. The age related difference in sarcomere length is removed hy alkali treatment, which might cause a phenomenon similar to relaxation. More data are required for an adequate evaluation, of the relationship between sarcomere length and age. The fact that collagenase treatment results in samples from both young and old groups swelling to the same extent at pH 11.2 strongly suggests that with increasing age, collagen in the heart becomes more rigid and is the factor extrinsic to myofibrils which restricts swelling. It should be pointed out, however, that according to the supplier the enzyme preparation contains two proteinases in addition to collagenase. Therefore, the possibility caunot be excluded that breakdown of protein other than collagen may participate in causing loss of the age-related difference in swelling.
The poor correlation between myocardial fiber diameter and swelling ability would tend to rule out an important relationship between the two. The similarity between young and old material in acid and base binding capacity of both insoluble and soluble fractions would also indicate that the osmotic properties of myocardium probably do not change significantly with age. The observation that the soluble fraction from young material retains more of its base binding capacity following dialysis than that of the old cannot be interpreted adequately at the present time. It is possible that a greater amount of soluble nondiffusible acidic material may contribute to greater swelling in the young tissue, but the difference in total nondiffusible material between old and young is so slight as to render it unlikely that it plays an important role in the marked loss of swelling ability with increased age. It is also unlikely that collagenase treatment would cause increased swelling and abolish the age difference if the latter were due to the loss of a nondiffusible substance.
In previous studies 1 ' 3 it was shown that heat treatment caused a decrease in swelling ability of both collagen and myocardium, similar to aging. Thermodynamic calculations were consistent with the view that thermal denaturation at body temperature was responsible for the change in collagen. However, according to these calculations the change in myocardium would occur too rapidly at body temperature for this to be a reasonable cause for the change in swelling ability with age. In view of the findings in the present investigation, body heat probably does not have a significant effect on subcellular myocardial protein in vivo. Instead, since the restriction of swelling with age appears to be due to a change in collagen, body heat may still be implicated.
It may be hypothesized that restriction of lateral swelling with age may be physiologically manifested by a decrease in ability of myocardium to contract, as contraction necessitates an increase in thickness of fibers. 5 Such a decrease in contractility should lead to decreased cardiac output. It would seem reasonable that decreased cardiac output would result in increased diastolic filling pressure and consequent cardiac hypertrophy and failure in some cases. Although hearts AGE AND MYOCARDIAL SWELLING 745 from all individuals appear to lose swelling ability after 30 years of age, as shown in the previous study. 1 there is a marked variation between individual hearts in the extent of this loss. Possibly genetic and physiologic factors influence the rate and extent of the change in swelling ability, and the hearts which show the most marked change are the ones most prone to undergo hypertrophy and failure.
SUMMARY
This investigation was undertaken to gain information on the mechanism by which human myocardium loses its ability to swell at pH 11.2 with advancing age. Observations by phase microscopy suggest that swelling at this pH consists primarily of liberal separation of longitudinal protein molecules, although material from older individuals appeared to show a lengthening of sarcomeres on treatment with alkali as well. Isolated subcellular myocardial fragments from old individuals swelled as much, or more than those from young. Intact samples of myocardium from young individuals swelled much more than those from old, but this difference was abolished by collagenase treatment. A poor correlation between myofiber diameter and swelling ability was observed. Acid and base binding capacity of insoluble and soluble fractions of myocardium did not vary with age, indicating that a change in osmotic properties probably does not occur. However, less of the base binding capacit}' in the young group was dialyzable, as compared to the old. It was concluded that increasing rigidity of myocardium with age, as measured by swelling ability, is probably due to an increased rigidity of the intercellular collagenous connective tissue. SuMlIARIO IX INTERLIXGUA Iste investigation esseva interprendite con le objectivo de colliger information relative al mechanismo per le qual le myoeardio human perde su capacitate turgential a pH 11,2 con le avantiamento del etate del subjecto. Observationes per medio de mieroscopia phasic suggere que le processo del
